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ABSTRACT

& madematical cnalysis is mude for the notential-time curves which
are observed in electrolysis ct constant current with mass transfer
partially or totally controlled by semi=infinite linear diffusion. Three
cagses are considereds 1. Reversible electrochemical process; 2, Irre-
versible electrochemical prccess; 3. zlectrochemical process preceded by
a first order chemical reaction, The potentialetime curves are characterized
by & trapsition time whose value is derived for the above three cases, The
tronsition time for given conditions of electrolysis is the same whether
the electrode process is reversiule or irreversible (cases 1 and 2), In
the third case mentioned above, the transition time depends ar the kinetics
of the reaction preceding the electrochemical process, Conditions under
vhich the thecreticsl treatment can be applied to the reduction of complex
ions are stated. It is chown tkat for certain conplexes (cadmium cyanide)
dissocietion must precede the electrochemiccl reaction, whereas other
couplexes (copper ethylenedianine) cre reduced directly. The rate of
recambination of cd’* and CN™ ions is evaluated as being of the order

o 4 x 107 (moles per nt.).l sec,

Experimental methods are briefly
discussed, and the potentjalities of the method 23 a tool in electro=

chemicel studies are evaluated.
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Electrolysis at ocmstant current density wvith mass trans{sar pare
tially or totally controlled by diffusion hts been studied lor many years,
—arly investigations 1=4 yere concerned ith the verification of Fick's
laws of diffusion, tut more recent vorks'a has been oriented toward the
study of electrode processes and toward cnalytical applications, Recent=

7, 8

ly, Gier'st and Juliard developed & very ingenicus method for the

(1) He F. Ueber, Yied, AbRa> Z, 536 (1879,

(2) HJ.S. Sand, Phil, Mag., 1, 45 (1902).

(3) F.G. Cottrell, Z, chysik, vbem., 42, 385 (1902),

(4) 2. Karaoglanoff, Z, Elektrochem.; 12, 5 (1906).

(5) J.h.V. Butler cnd G, armstrong, Procs Rovs Sooe, 120 &, 406 (1933);

Irens, Faraday Soc., 30, 1173 (1934).
(6) For a survey see Milectrical Phencmena at Interfaces", J.A,V.

Butler, Zditor, Methuen end Company, Londan, 1951, Chapters VIII
end IX,.

(7 L. Glerst end &, Juliard, "Proceedings of the 2nd hssting of the
International Commttes of Electrochemical Thermodynamics and Kine-
tics", 1950, Tanburini, idlan, pp.117 and 279,

(8) L. Gierst, Thesis, University of Brussels, 1952. lie are indebted

to Dr. Glerst for sending us a copy of his thesis,

oscillogranhic recording of voltage=time curves, These cuthors mcde some
very interesting obsarvations on electrode processes, and their study
brought to 1ight some of the potentislities of electrolysis at comstant
cuwrrent, The thecretical trectment of this type of electrolysis is rather
limited at the present, and it is the purpose of this paper to give a math-
emntical anelysis of the boundary value pr:blens encountered in this
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method, Only cases invalving semie=infinite linear diffusion in an un-
stirred solution will be discussed, since cases of spherical or cylindric
diffusion can bte trected as linear diffusion problems provided that the
duraticn of electiolysis is sufficiently short (1 second) = a condition
which is generally fulfilled in the present type of electrolysis, Con=
vection effects wvill be neglected on account of the short duration of
electralysis, Furthermore, it will be assumed that the solution being
electrolyzed conteinsg a large excess of supporting electralyte, and that
nigrotion effects can be noglected, The discussion is divided in three
rarts accarding to the nature of the electrode process invalved; a fourth

part deals with the application of the method to the study of complex ions,

REVIISIHELL &Lil7Ti.0DT PROCESSES
Yy The VALL.TICNS.
Gansicer the reduction of a substance Ox, end assume that the
reduction product Fed is soluble either in salution (ar in mercury in
the case of the deposition of en eamalgam forming metal on & mercury
electrode), Thu value of the concentration of substance Ox during
electrolysis at constant current was ealculated by webwl, Sandz, and

Itosebrugh and M1ler?, Karuoglanoff" derived the complete equation of

(9) T.R. kosebrugh and L, 181ler, J.Phvs, Shem., 14, €16 (1910).

the complete potentialetime curve, His trectment need not be discussed
here, but it is worth noticing that the curve representing the potential

yorsus the sguare root of the electrolysis time is similar to a polarographic
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wave for the reveirsible process being considered here, If one assumes
that the concentietion of substonce Red is equal to zero before electrolysis,
the potertial of the electrode on vhich substence Ox is reduced is as

follows, t seconds after the begimming of the electrolysiss

- , P v ~ /=
£=£4+ 21 2, /{‘4:..,__’;)_7:/? - pr’ /)
| Y vrE T TS -

£ 4, 7t

vhere E© is the standard potentiel for the couple Ox = Red 10, the s

(10) If en smlgem is involved, E° 1s the standard potential for the

amalcam electrode,

are the activity coeffiolents of substances Ox and led, and P is defined

as follows

<

F = <4 /2)

77'/"’/7 r ‘[;/’3

In ecuation (2), i1, is the constont current density for the polcrizable
electiode, Dy the ciffusion .oefficient of sudstance Ox, 2nd the other notc=
tions ave conventioncl. The sun of the first two terms on the right -
hond of ecuation (1) 4s identical to the polcrorraphic half-icve noten—
tial Ly when a mercury electiode is used in the constant current elec=
trolysis. This observation enables one to predict fram polarographic
deta the position of the potential-time wave in the range of potentials,

For the experimental verification of equetion (1), see reference 4,

3
ifter an electrolysis time =~ such that ¢®°=p 4, the poten=
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tiel £ givon by asquction (1) becomes infinite. The transitiopn time —
= a term coined by 3utler and i.rmstrong5 « 38 cherecteristic of the elec-
trolysis conditionss :'ﬁ' is proportional te the concentration of reduc-
ible specics tnd inversely prcportional to the current density, etc.

I, 4s therefore impartant to determine & 4in a relicble ranner, This
deterrination of .= would be obvious from the shepe of the T yg t}’i
curve, if it vere not for the distartion of the voltage-time curve by
the capacity cwrrent (double layer) 7 8. This effect of the capacity
current is tcken into eccount in the method of determining = of Fig.l-d
vhich 13 inspired fronm polerograshic proctice, lNote that the potenticl
Ly corresponds to an electrolysis time ¢t = 5’/.1.. iMhen the potential -
time curve has the shape of Fig.l=B, the construction of I'ig.l-d leads
to cbnormelly low velues of the trernsition time, It is then necessery
to apply the somevhct empiricc) method sho'm in Fiz.l-B., The selection
of point E is a mutter of common sense.

By introducing the value of the trcnsition time fram¢®=p — %

in ecuetion (1), the third term on the right=hand beccmes

/- T/ =T F

- ———rtn e o e
— =

/s 7 7.
Therefore, a nlot of the logarithm of the quentity ( = ¥ ) / 3
againat potential should yleld a strzight line vhose slope is nF / RT

(see theory of reversible polaro;raphic aves),
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The theoretical trectmont of this case has not been reported before,
as far cs we know., If the reduction Ox —, Red involved only one rate

deternininy step, the rate of the electrochemical reaction is

= = ﬁ'{,//fgjc/}/f) -}%Z f e, (0t) 12)

there the C's cre the concentrations at the electrode surface (x 0),
aid the k's are thec rate constants for the forward and backward elece
trochemical reuctions, resnectively, lote that these k's cre rate
constents fa en hetergocneoua process and are consequently expressed
in cm.sec, %, Furthermore, the k's depend cn the electrode potential
as is shown below, N0 hypothesis regarding the kdnetics of the reduce
tion of substance Ox was nide ULy Kar:.ogle.noff/‘ in the derivation of the
concentrations of sub.tames Ox and iled, 2nd consequently the v-lues of

Cox(0,t) and c”d(o,t) obtained by this author can be introduced in squae~

tion (3). This ylelds the following relationship /« = /, // s (//‘
. 7 C N /

5 /
. w = g e A
N

v ) SN

, /

4

z _ é - de ; /.
TE S flEri by, fat” g
vhere the e:pression for Q is the same as for P (equation (2)) except

that Dy i3 replaced by the diffusion coefficient D. of substance Red,

Since the electiode potential is implicitely contoined in the rate cone

stants kf’hand kb,h y equation (4) gives farmally the dependence of the
electrode potential on time. Detailed equctions are obtained by expres=

sing kf,h end kb,h in tams of the electrode potenticl, Only the:-case in
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which kg 14s much larger then k at the cuirent censity i, will be con=
f,h b,h o
sidered here lor the sake of simplicity, The restriction imposed by the
condition kf,h /7 kb,h is minor, since this inequelity ie verified for over-
voltzcges of the order of at least 0,1 volt, vhilst much larger voltages
are generelly encountered,
45 in the case of the reversible electrode process the transition
time obeys the relationship GO= P =¥ (see equation (4), k, , = oC
’
b p = 0). By dropping the term in kp in equation (4) and introducing the

trensition time, cne obteins

/( s = 7‘7.//)’-4’//’ //f/
/// 2&/‘/1—/"‘-&/’-)

Zquation (5) is impartant because it enables cne to calculate the
vate .onstunt kf,h fron experimental deta, Values of & cre measured on
the Z=t curve .or various valucs of t and the corresponding rate con=
stant kg ,h e calculated. 4 plot of the results yields the rate constant
kf,n as a function of the electrode potential E, The diffusion coefficient
D, nceded in the appli.ction of equation (5) can be reedily calculated
from the transition time (3see equotion (2)), The varictions of kf,hwith
L can be internreted bty consicering the value of kf,h derived from the

absolute rate theory, Thus

/é //f¢/ “’*5////

< T
-
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vhere k; his a8 constant related to the free energy of cctivation for the
»

forvard electrole procesan, / is the transfer coefficient, end n, the

(11) S. Glasstone, K.J. Luidler, and H, Eyring, "The Theory of Rate

Processes", luGrew=Hill, Kew Yark, H.T., 1941, p.577.

nunber of elestrons involved in the rate determining step. The slope

of the log kf’h yersus = line established from experimental results yields
the product ng, and the intercept at E =0 for the same disgram

yields k?,h and, consequently, the free energy of ectivation for the fare
ward electrode process, The elec trode potentisl can be expliciteted as

e function of time by combining equations (5) and (6). Furthermore, &
plot cf 1n [ l- (__L_)‘l'f against T yields a straight line having a slope
of = —-5%-.-?- . Ffmll;, the potentisl ct time zero

rrd

depends on the bulk .oncentration of substance Ox, and on the tranafer
coeffivcient o

48 an exanple, potential-time curves bave been plotted in Fig, 2
for various values of u\/ and for the following datas (© =10"‘ moles,
em,=3, 152101 emp.em.=2, Dy = 1077 cm2,sec,~2, 3 =10~8 om, sec,~1,
r=n =1,

The present treatment is valid only when the effect of the

backward process can be neglected (see above), l/hen this is not so, the

el T SRR
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u-t"v curve has a shape simile:r to thet observed in & revercibie process,
althoush the cuwrve is somerhet more drovn out. [ deteiled cnalysis of
such ¢ case 11l not be piesented hore since the ca:plete equation is
too cumbei'some to be of any vrroctical velue,

In the cere of an iiveversible wave, the potential :.’: corresponds=
ing to * = & / 4 bas no particuler significance, and the granhic deter-
mination of ¢ by the ..ethod of Fig.l=i is devoided of any theoretical
oasis, It is, however, recsonable to apply the methiod of Fig. 1=4 in the
deterrinetion of Z , since any other nethod vhich might be proposed
would probibly not be less empirical,

‘le have elso tireated the case of an irreversible process involving
tvo consecutive rete determining stecs of comparable rates. The boun=
dary probler does not present any special difficulty, but the 'riting
is rather heavy, end thc resulting ecustion for O appeers too intrie-

cote to be ol any retl value in actual cpplications,

ELLT.ODE rlOuiSs rili DD 2Y L WHU T .w LS TION

Consiler tue ciectrode pirovess in vhich a substonce Z is in equi-
livriun 4th a substence Ox, the latter substance bein~ recuced &t mar-
¥edly less catho’i: potentials then Z. The transition time corresponde
ing to the reduction of substance Ox is determined by the diffusjon of
substance Z toiard the electrode and by the rate of trensformation
Z == Ox. This cese \as trecated by Gierst and Juliard?s 8 who intro-
duced a kinetic term in the e:pression of thc transition time c%= p C”‘i".
Such 2 treztment is questionable on twx countss 1. It is cssumed that

Fick!s differential equetion is appliccoble vithout modification; 2, 4
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rate constant for an heteropgeneous process is introduced to characterize
a process vhilh occurs in colution, Such a trectment hos its merits,

but a more :i:;orous a)proach is desirable cnd leads to new results,

&s in thc pirevious two sections, the trensition time for the re~
duction of substance Ox is .alculeted from the condition Ug,(0,t) = O,
Cansequently, it is necessary to determine the function Cgy(x,t). The
letter is obtained by following & method similar to the one apnlied by

Routecky and Brdicka in the treatment of kinetic polerographic cv.xrrem;rsl2

(12) J. Xoutecly and I, Drdicka, yolleciion ¢ zechoslov, vhem. varum.,
A% 337 (1947).

However, the derivation given below is cifferent fram that of Koutecky
and Brdicka bectuse one of the boundary condition is not the seme as in
the ccse of idnetic polzroronhic currents,

Kinetic terms have to be edded on the iight=hand of the differen~
tizl cquation for linear Ciffucion, beccuse of the occurrence of the

transformotion 2 — Ox in solution. Thus

~ ,
'/ - /}f ~ ‘l ’/)l',/-’ /1 7

= s J =y , } ) |

A P +,/1"Cz/""7‘1 ¢ (7,¢)

/.

2C /2/‘) PN "7'/_‘/
__._..z.'_._-.——---—- e 4 I ___.___....-—'- s A (_: x /‘ + 7. »
e Z n? RS LML)
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wvhere the D’s are the diffusion coefficients, and the k's the rate formal
constants fa the transformetion 2 .~ Ox, Note thot the k's in equations
(8) and (9) are uonventional rate constants (in aec.'l).

The boundary conditions are obteined by e:pressing that the flux
at the electrode surface 1s vonstant, and thet substance 2 is not re-

duced at the electrode. Thus

/)"Ob:e_/?'é). = )\ //0/

Dz

wvith

A= ﬂ/‘; /”)

and

I
o

)

/’>C [ ¢)

The initial cenditions are as follows

/‘7/950' .
L

‘/'2}/"‘7/ 7 @’/(/7,5/: e )

vhere K is the equilibrium constant for the transformation 2 =0x,

Poree o te w W v . -
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~ H [} (25 1
e

In order to solve the system of equations (8) and (9) it is use=-
ful to mcke several sub:tituticns, ce vas dome by Koutecky and Brdicka,
Furthexmore, it 1ill be assumsd for the sake of simplicity that the dif-
fusion coefficients of substances Ox and Z are equal; thls coefficient

is reprosented by D in the subsequent ecuations, The following funce
tions are introduced:

p(*t)=C, (%) @z/’-ﬂf‘/ )

f/}/) /’/;e// /;v/)

Z

By usinr, the Laplace transfarmatiomt3 it can be shown (See Appendix)

(13) L,V. Churchill, Miodern Onerctionel jathematics in Inzineering”,

ixCraw=Hill Book Co., i'es Yark, 1i.Y., 1944, Note thct Kouteoky and

Q.

Brdicka used the ori:inal Heaviside transforu f(s) = exp(-st)

£(4) dt vhereas in our celculations the transform is ¥(s) = '/ oxp
1}

(-st) £(1) dt. ©

thet the trensfarms corresponding to equations (8) and (9) are as followss

/’f/ _,Ne,%/_gi/lz/\ //)
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The integration constants il and i. are determined from the t&r
forms of the boundary conditions (see Lprendix). By inverse transforma-
tion one obtcins the functians // (x,t) and <’ (x,t)., Thus (see ippen=

dix)

7/ )= -2 ;s > .y
// 4/\// / )A 7/“/)[///

and by as:lying the canvolution far (x,s) /}7/

op [ /J/{——?/ ‘] ;

—— e —
]

the errar function havin; the cquantit; net'cen brackets cs argument, and
the caipla:ent of this function, respectively. In viev of the definition

of the functions // (x,t) cnd [’/ (x)t), the concentrations G (x,t)
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and Gz(x,t) can be caloulated from equetions (19) and (20), but it
suffices to deternine tie function C_ (0,t) in arder to veluulete Z
the value of C5(C,t) could be obtained in the seme manner, but it is of

little intercst in the ;resent case. From (15), (16), (19), end (20)

L’ /\{‘“/)

//{/) __/

/| + - }4-

A

5 7(«@)/‘%/;’ f) /

.0 kes Ky, and Ka ( ‘{"/

The transition time is obtained by ecuatin; to zero the right =

one d&luces

band rember of (), The resulting ecuction in 7~ can be solved gra-
]

phicelly, but it is zore fruitful to consider >lots of i, — < yergus

1,0 This type of diagrem 'mas first used br Gierst and Juliard’s 8.

From equ..ticn () one dedu:es the following eguciion for the sroduct

7 /) Lo o

SPUTN  VASRN N
277 T ‘r',\(?,ﬂ)yz% (e h) ::/’//“/

cases in vhich the sirar function is virtuclly ecunl to unity will

be first considered., This simplification is per:dssible rhen the argu=-

ment of the errar function, (k¢ + k < (‘:Jé, is larger then 2, The
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3
product 1, .~ ¢ is then a linear function of the current density, and

ane can vcleulete the volue of K(kf + kb)% fram the slope

./‘
mw /
< // .~ i ///,
K% 7 tp)
¢l the line i, == T versug i, vithout heving to knov the diffusion

coefficient D and the concentration C°, If the equilibriuc constent K

is kaowm, the rete constants ke end kb are readily obtain:d (X = k¢ / kg .
“hen the quantity [(kf - k.b)’l ord i_’ is smaller thcn 2, the errar

function in equ-tion (22) is smaller then :nity. A limiting value of

the product 4, <& 3 for large current densities is obtained by expanding

the eeror function for small crpguments e ( <\ 0.l) and by retaining

-——n amom-

(14) B. C. Zeirce, M. Shart Tcble of Integrels", Ginn and uampeny,

Beston, 1929, p.120,

r 3.
ondy the Ji.st teri in the sesies, Thus, if ! (kf = ) T = is

b -l
sraller than 0,1, emu tion (22) reduces to

A

Y R Y P :
C = //
e /l v L /

S

Y

Unce. these conditions the quantity Ly j T 1s inderendent of the current
density, cnd the clectroce pro:ess is entirely rate coatrolled, =Zquation (23)
shows that the ecuiliium constent K for the transfarmation Z =>0x can
be cclculcted fron experimentel data viovided tiuet the limiting vclue

of 1, ¥ cen be deterniined. It is to be noted tict vhen K = € ,
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formile (23) reduces to the equation C® = P = ¥ previously derived
for the case in vhich there is no shemical reaction preceding the elec=
trode process (see equation (1) and (2)),

The conclusions of the above discussion are summeriged in Fig, 3.
This diegram 1as constructed on the basis of the {olloving datas
K = 10"1, C° =11 x 10~ moles.om,~3, D =10~5 cm2,se0.7%,

It is of interest to note that in the trecatment of Gierst and
Juliard 7» 8, the 4, — : YOrsug = relationship is represented by a
straight line vhich intersects the abscissa axis at & vuwrrent equal to
nFcO ky, vhere k, is en heterogensous rate constent, The velue of this
cwTrent was sinply obtained by expressing thit the rate of the tranafore
mction 2 — Ox is propartionel to the comentration of substance Ox
(Cz being assumed to be negligible), Fram the treatment developed in
the present pcper one cancludes that tho heterozenecus rate constent ky
used by Glerst and Juldard ectuelly is equzl to the quontity
33 K(kg -~ kt):" Thus ky, hes no real physical significence, but is rather
& convenient v thematical cCevice,

AZELIGATION 70 THE DETER: UNATION QF K, kes kbe

The up,er 1imit in the measurecent of the quantity K(k, + k.o)?‘-
by the present method (see ecuction (22)) car be evelueted in the fol=
loving menner. The value of the quentity i, & % at 4, = O is simply

(see equation (22))
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The order of megnitude of the raximum valuc of this quontity is

(co < 1075 mole.cm..B, D \< 1075 cmz.sec."l, n = 2) approximately
) . 6 x 1072 map.cxn.-zsec.'i'. On the other hind, the meximumi current density
which cen be utilised is of the o-der of 1071 ampem 2. /? & Furthermore,
it can be conservatively assumed thct a 10 per cent decrease in the
mucntity io r ¥ can be detected as io is varied from 0 to 0.1 amp.cm-z.
The vaareshandin;, slope of the 10;’2‘-’ yersus 1o line is therefcre
0.1 x 6 x1073 / 0,1 or =6 x 10™3 gecx. By campering this velue
with thc slope deduced from equetion (22) ane deduces that the quantity
K(kg + kb)'é' should be smaller than zporo:dmately 150 sec")". in oarder to
observe vith certainty the effect of the chemicel reaction jreceding
the electrocheicel rocess, If the equilitrium comstant XK is appre-

1
cisbly smalier than wnity this conditiom can be uritten: K ky® < 150

Al

sect,

It 15 of interest %o compare this criterior idth the correspond=
ing condition foi. polero;raphic kinetic cwrrents. In the latter method
the average limitin; current is virtually diffusion controlied ithen the

quentity K k¥ is cmaller thar 5 sec™d 15, hctuelly thic limit is

(15) vompaire vef,(12) 'ith I', Delehay, J. 4BRLhem,Soc,, 73, 4944 (1951).

sorevhat smcller beceuse of the uncerteinty cbout the diffusion coeffi-
clent of the substamce being studled. Thus a kinetic jrocess which
causes a 10 per cent decrease ia the limitin: current 11411 gensrally
be overlookodlé, Therefore, 1t is reasonable to regerd the velue

K k¥ = 1 sec.™% as the upper 1imit for ukich a kineti: effect can be




X I

18

(16) It could, however, be detected by studyin; the dependence of the

liniting current on the head of mercury.

detected by the polarogrephic metiod, The vzlue K kb‘?f =1 sec ..k
corresponcs to & slope of epprodimately =1 sec.%‘ in the diagram 10 _ t
yersus io diagren, Since the minizum detectable siope is approxime=
sely =6 x 1072 sec .43', systens ‘hich yield an apparently normal
peloerosrashic wave mdght exhibit the characteristics of kinetic campli-
cations in eclecirolysis et constant current,

In conclusion, the canditions for the study of kdnetic processes by
elec tolysis ot conctant cwrent are far more favorable than in polarography

vhen ¢ ranid chenical trensformetion ic involved,

SO R

Unée certcin conditions vhich are stcted bolow, the previous treat-
ment con be epnlied to cases in vieh (hic chenmdcel transfarmetion preced=

in;, the electrocherical . eaction is one ol the {ollouving tivo processes

ZzZ r ) o= (2 /////

vhere substience .. is neither reduced nor oxidized at the potentizl at
vhich substance Ox is reduced, The rete of the transfarmation Z to Ox
is

[

Ll S b)) ~)_ L o )
){/ Z(7 ) UX/?/ / /X ({-'7.‘/[’//
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for recction {24), and

! o

Gl e, ) )
for rezction (25). IC tie concentration of substence X is o fun:tion
of x and t the boundary valuec problen is arduous to scive, In practice,
novvever, it is often possible to cerry out the electrolysis in presence
of a lerge ex:ess of substance X (say 100 times the bulk concentretion
of Z), cnd under these conditims the concentretion cx(x,t) in the
above ecutions can be replaced by the bulk voncentrotion C;z of sudbstance
X, Equstions (8) to (23) can be applied provided that the constants ke,

ky and K in these ecuctions are defined as followvs

lp2bpce heh Kekix (4

Y / A ’ - / - 7
/f -z '-LT,/ [/' ) /ﬁf A Skl /}/ /

" The slope of the 1, /2 Yersug 1, dir¢ram 2:e then (k; /4 k{, 3

k;' {/ klbl)

o

/

K//’f , /; L (;v‘
7, X

>.1

Q.

for precess (24), and




!

for reaction (25).

Fran the ctbove values one comcludes thot tin: slope of the io Z. /2
¥exsug 1, 1ine decreaces vhen the concentration of substence X is ine
creased in the ccse of resction (24), and thot this slope increcses 'ith
Cy far reaction (25),

4 clessicel evample of electrode process involving a chemical recc=
tion of the type representod by equation (24) is the reduction of pyruvic
ecid, The palarographic behcvior of this substance was tharoughly inves-

ticcoted by Brdicke and coworkers 12

and the findings of these investige=-
tors can be readily tronsposed to the mathod at constant current, Exam=
ples of reaction (25) can be found by studying the reduction of camplex

jons as shown in the next section,

LAPPLICATION TO THE STUDY COF COMPLEX IONS

The thearetical treatment developed in the last section leads to
interesting com:lusions 11ith regerd to the mechanism of the electrolytic
reduction of complex ions, Three hypotheses can be made cbout the reduc=
tion of conplex ions, It can be assumeds (1) Thet the camplex is the
entity vhich is reduced; (2) Thet dissocietion of the camplex must pre-
cede the electrochemical reaction; (3) That the previous two modes of
reduction occur similtaneously,

From the foregoing considerations ane deduces that the quantity

i & Y2 is a fun.tion of the current density if dissociation preuedes

e



)

a
the clectrochenicel recction, The dissociction precess gencrally involves
several consecutive steps, Thus, if iX,, 45 the couplex being studied,
dissocintion proceeds stepidsely vith the foimction of the internediates

19

iXneys dpepeceslige Zach of the consecutive steps in the disso=

(17) Je Bjc‘:rum, Mo, A»é’ 381 (1950)0

ciation is cheracterized by two rate constants ke and kye I1f the rate
canstants kf for the consecutive steps arz sufficiently different, it can
be assumed that the over~-all dissociation of the complex involves essen-
tielly cne rate determining sten, The treatment ¢ eveloped in the present
section is then gpproxiretely velid, In applying this treatment it should
be kept in mind that the cquilibrium constant K in emation (22) carres-
ponds to the equilibrium betieen two species invalved in the slow step;

K is pct the over-all unstability conctant of the complex, Furthermare,
values of ke obteined in this manner exe too low since the effect of the
various consecutive stens ic accounted far by assuming one single slow
step. lov'ever, the results can ve of inte:est in deciding vhether o

not disso.iation p.ecedes the electrochemicel .-ecction as ic ciowm in

the {olloving tiio e:mmples,

The cheracteristic 4 .;.1/2 ¥ersus 1, vere determined for the
redquction of the coprer ethylenediamine complexes on a mercury clectcce,
and the results cre shoim in Table I (see descrintion of the apperatus

in the exvocamental part),



TABLL 1

Data far the reduction of copper ethylenediamite ccznplexesa at 20°

Current (1) Transitien tine /=) 1 Y2
10-3 amperes seconds 10-3amp. swyz
1,048 2,2 1.57
1.272 1.50 1.55
2,044 0.587 1.56
2,636 0,360 1.57
3.078 0,260 1.57
4.584 0.113 1.54
6,060 0.0522 1.38
74455 0,0332 1.36
84835 0.0298 2553

Solutiorn corposition: 4 rdildmoler comper su'frte, 1.04 molar

ethylenediardne, 1 nioler notassium nitrcte, Temperature 20°,

It ic scen fi'om Tabie I thct the product & & 1/2 44 indepencent
of current trnrcuch tie ce.’lls, and it cen be comcluded fram this obe

scervation thot either the .omplex involved is directly reduced or that

(18) currents (i) rcther then current densities (i) are used here.
This 4is peruissible since a plot of 1 vz yersus 1 hes the same

e

slope as & plot 1, ~— /2 yersug 1o,
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the dissociation is so rapid that no kineti: effect is observed, The
second hypothesis cen be ruled out on the following grounds, The formae
tion constants ot 25© for the copper ( + 2) ethylenediamine system which
are defined by the relationship (en = ethylenediamine)
v Crrm,

= A= (2
/ CM (en) CC,,_
7 -/
ere according to Bjerrum 17, 19: log K1 = 10,72, log Ky = 9.1,

log X3 = =1,0, If one assumes that the process corresponding to the

(19) Bjerrum's volues are approximately the seme &s thiose of G.4. Carlson,

J. Fe 1cReynclds, and FJi. Verhoek, J. Aalhem.Sos., 67, 1334 (1945).

highest formation constant (log K = 10,72) is the slov step, one con=
cludes that the rate consteat k) for this step would be larger than 1!.026
sec,™L (slope of the i, = Y2 yarsys 1, ddagrem smaller than 10™2 sec..]'/z,
see above; ' = 10-10’72). Such un-easoncbly large values for a rete
constent (KT/h 22 6 x 1012 sec.™) can not be cocented, and consequently

one concludes thot 4he copner ethvlenedicnine ccuplexes cre diiectly

e YAIDS S OPLIPTS.,

The example of the copper sthylenedicmine carpiexes was selected
to give an gb _absurdg proof of the direst elestralytic reduction of a
camplex, There ore cases in wvhich the above thearetice)l principles ena-

bles one to establish the occurrence of a dissociation process prior to
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the electrochemical refction, This is the cese in the 1eduction of code

mium cyanice ca.nlexes an 2 mercury electrode, Glerst end Juliard7 Ob=
served thet the procuct 4 :,1/2 for this process decreases very culckly
vhen the current density incretses, ¢nd these cuthors interpreted this
variation of 1 = 1/2 by assuming that dicsoviation precedes the electro=
cheuical rea.tion, This intervretation can now be stated quantitatively

on the busis of the cbove treatment, iAccording to Bjmum17, the foarma=
tion constants for the cadnium-cyanide camplexes ares log K3 = 5.54,

log Ky > 5,06, log K3 = 4.65, log K, = 3.59. If one takes the

recction carresnonding to Kl as the slov step, the rate constant kb for

the combinction of Cd with one CN™ ion 1820 4 x 109 (moles per 15.1:.)"'1

sec,™d at 25% It should be emphasized thot this value of ky is yery

(20) Celculated from a slope equcl to 2.6 as measured on the 1, 12
xarsug 1, for the reduction of a solution having the folloving composi-
tions 0.03 moler in cadmium, 0,3 moler in potassium cyanide, These date
are taken frar Fig, 8 in thc paper of Gierst end Juliard7. Note thct there
must have been same concentrction palerization far the cyenide, since the
bulk concentration of the latter ion vas only ten times the concentration

of codnium ion., This effect can, hovever, be necglected in the present
eppraximete calcwlotion,

approxdmate on a.count of the simplification mede by assuming the exio=

tence of 2 sinjlo rote determining step in the dissociation of the cad=

miun cyanide caiplexes, levertheless, the gbgve tregtment shows that
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It ccn be concluded {rom sbove two o:amples that certain camplexes

are directly roduced, uhereas other camplexes are dissocizted before
bein: reduced electralytiuclly, The erplamation for this differernce in
behevicr rosults poseibly rar the nature of the bond beti'een the metal

and the camplexing substonce ar fram differen:es in structure (copper

ethylenediamine carplexes are plene, CA(UN) 4- is teb‘ahedral17) .

EFLEBITuL

The present paper is chiefly caxerned with theoretical principles
and only ¢ trief description of the experimental methods v4ll be given
here. The anparctus wcs fundamentelly the same cs thot of Gierst ond
Julicrdv, elthough it \ms muh sirpler, The latter authors used a drop=
ping mercury electrode vhose operation had to be sym:hroniged with the
recording of the voltage=time curve, /[ mercury pool of constent crea
mas used as polarizable aelectrode in owr instrument, and .ansequently
a synchronization dovide 'ms not necessary., The mercury poal was found
entirely satisfactary provided that the mercury is renevel before each
recording and thct votting of the plass by the solution is avoided
(silicone coating), The mercury pool clectrode hcd the form of a U tube
hiving tvo arms of unequal lenpths, One arm of this tube 1as used for
connection with the polerization circuit (plctinum vire in mercury),

The 144 of the arm of the tube immerscd in solution extended ct least
Oe5 centimetei s above the level of the mercury in order to reproduce as
vell as possible the conditions of semi=infinite linecr ci{fusion. The

exposed arca of the electrode was ol the ordsr of 1 square centimeter,
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This clectrode was immersed in one campartment of an N polcrographis
call, A platinum electrode irmersed in the other compartment of this
cell, vas tie anode. 3oth arms of the cell were filled with the solution
being studied, The potentisl of the mercury pool wes recarded fram the
voltage bet'ven this elecirode and en externcl saturated cclomel elec=
trode whose tip k8 in the vicinity of the mercury pool (eppro:dimately
1 cn.j not too close to avoid a perturbation in the field of diffusion).
The solution was freed of oxygen by bubbling nitrogen through it fer 15
rdnutes, This gas was also passed through the cell before eech measure-
ment in order to elininate eny grocient of concentration.

The apparctus for electrolysis at constant current (Fig.4) ias
assemhled from comiercially eveileble ca.ponents. The electrolytic cell
ws fed at constant current by a requlcted pover supply P (250 wvalts)
connected in series with the varlable resistances Ry and Roe The cwTent
was acjusted by means of Rl’ and the current intensity was determined
by measuring thc ohmic drop in the calibrated resistance R, by means of
a Leeds cnd llarthrup student potentiometer. Thec voltage vetireen the mer~
cwy pool (03) cnd the reference electrode (e,) 'ms recarded by means of
cathode=ray oscillograph (Dulimt oscillograph 304 H; cmplifiers not re=
presented in Fir. 4). 4 10 megohm resistor was inserted betueen elec trode
L2 end the ™" input of the oscillograph in arder to lover the current
drawn from the cell ©,030 The single~sweep time T basis of the oscillow
graph was operated by means of SZ’ the necessary signal being epplied to
terminal B. L DePeSeT. relay wms used for 5953, and this relay wes
adjusted in such a manner as to close Sy slightly before 59 in order to

<
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avoid missing the sero time point. L switch could be used for Sy and Sy,
but a relay ccn be mare easily adjusted to obtain & short lag between
the closing of Sy and Spe The horizontel a:ds of the oscillograph was
celibreted by epplying a sinusoidel signal of known frequency (Hewlett
Packard audio oscillctor, model 200 I) %o the "Z" modulation input of
the oscillograph, end by actueting the relay 5132, the "I" input ampli-
ficr being twrned off. An horizontel trace camposed of a succession of
bright spots was recorded in this feshion, eand the distance betirsen two
successive tright spots was readily celculated fram the frecquemoy of "Z*
modulation. Oscillograms vere photographed on 35 mm, film and reeadings

vere made from enlar-ed imeges.

COICLUSION

It 43 possible to develop a ricorous treatment for electrolysis

at constant cu:rent :-ith prss tiransfer partially or totally controlled
by semi~infinite lineer ciffusion., The chrracteristics of the otentie?-
tine curves anpear to be particulerly useful in the study of Airreversible
electrode ;socesses, In such studiec the method at constant curent is
nore cdvantcgeous than polerography ovecause the mass iransfer problem
ccn be treated rijarously; in polcroraphy only en (rnrroxirmete solution
or l.e vouncary velue problem can be :iven beciuse of the complications
resulting fra: the e:pansion of the mercucy drop. Likewise, the method

at canstant current appecrs very pramising in the study of the mechanism of

the reduction of c¢amples: iaps,

-
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P2, DIX

By assuning thct Dz = DO = D and introducing the functions

¥ (x,t) and 4 (x,t) defined by equations (15) and (16) one
transforms the boundary value problem ori:inally stated vy equations (8)
to (14) into the following problems

Syt r) Vi fo,t
-U' }‘;.‘_/.[f, I : f . %/ / /Zzay
/t /)z/l /

//’ / //:’)’f//':r,/ ;
L = 7 “F 3 4
it S rs //;/ \ )f///)

4 :
vAth the initicl enc boundary conditions es follous /S / /

//// /J/) = 7 ’ /u/}/
"L // .

/’ d // '/ / = ,’/ /j/
. /

It
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)z

[
-

/Dzo }/;7

The ncv iriticl and boundary conditions (30) to (33) cre ecsily
derived fron equetions (10) to (14) by using the following velues of
Coy(x%yt) and Cz(x,t)
‘ ; ; 0 L] _ > / / \
C /'/‘-/’——Z.‘:_/fi_".{__ ’p/_____ 7
o 2 / - v

vhich result frau the definition of /V (x,t) end '/) (x,t) by (15)
and (16).
After Laplace transform with respect to the variable t, equations (28)

and (29) are reduced to folloving ordincry differentisl ecuations

-
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7 ’//7/"// /,/ff/ s =0 ()

o () Pleg)c

and the boundery conditions are cccordingly | ]/
— = 4,
.. i [/ r 7y _ d // ‘ — ) (/ v é/
e a7 o

1t by d F(

The solutions of ecuctions (36) and (37) ( V (x,8) cad )p (x,8)

cwe bond foo x —, . ) were ;iver above in enuatione (17) cnd (18).
The integration constant 1. cad N cre evaluatod by satisfylng the
boundery concitions (28) and (1. Thua /

f//?‘ f/.. = - A ___,'____

///.r; /
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By inverse transfarmation aor
/ (x,t) and # (x,t). The 3i»
given in ecuction (19), is
transforn of /' (x,8) 4=

Far the evaluation of the integrel in (42) see iic
armlying the result obtcined by this suthor, equation (20) :

derived,

(21) . Horenstein, Juart. hpn. liatha, 3, 183 (1945).

s 8 fincl canment, it should be mentioned tbrt the ecuation for
the potential=time cu~ve can be derived fraom the above results, 1 the
reduction Ox to ..ed ic irrevei'sible, the potentiel during electrolysis
is calculated by the sane method as that exposed in the section entitled
"Irreversivle tlectrode I'rocesses®™, The concentraiion cox(o,t) recded
in this calculetion is given in equcation (), If the process is re-
versivle the potentinl is calculcted fram the Nerrnst form:le, The con=
centration L‘»‘:ed(O,t) needed in this cal-uletion is determined from the
flux of tids substcnce (equal to =D 7c°x(o,t) /’7 x) at the elestrode

sucface cnd by epplication of Duhamel's thecrem??, This derivation is

(22) See for example 1,S, Cerslaw and J.C. Jeeger, "Conduction of Heat
in Solids", Oxford University Press, Londm, 1947, p. 18,

—— -
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